The probability of Trypanosoma cruzi transmission to opossums by independent events of predation and fecal contamination during feeding ("biting") with positive Triatoma infestans was estimated. Negative female opossums were challenged for 23 hr with 10 infected third and fourth instars of T. infestans, and tests for positivity for T. cruzi by xenodiagnosis were performed at 30, 60, and 90 days. From these data, seven probability parameters were estimated by maximum likelihood, and likelihood ratio statistics confidence intervals were calculated. Simul taneous estimation of p, (probability that a "bite" will infect an opossum), /y (probability that a bug that has been eaten by an opossum will infect it), and p6 (probability that the opossum will become infected if faced with an infected triatomine), resulted in p, = 0.06, p3 = 0.075, and p6 = 0.059. On average, each opossum should be exposed to an average of 700 encounters with bugs during its life, resulting in about eight potentially infective contacts, to produce the 35% opossum prevalence found in the field.
INTRODUCTION
Triatomines feed on a variety of vertebrate hosts, with opossums being a frequent one. In all countries where the role of opossums as reservoirs of Trypanosoma cruzi has been studied, a relatively high prevalence of 20-100% was found.1 s In Argentina, Didelphis albiventris is the most im portant wild reservoir of T. cruzi, with an annual prevalence in Santiago del Estero that varied between 29% and 50% (Schweigmann N, unpublished data) . This prevalence of this host coexists with a very low triatomine (particularly for Triatoma guasayana) infection, sometimes less than 1%.6-10 Near 40 years ago, the dilemma of how such a high opossum T. cruzi infection rates could be maintained with the ob served low infection rates of triatomines was posed by McKeever and others11 and since then remains unanswered. Opossums are known to become infected with T. cruzi after being "bitten" by and/or ingesting triatomines. 211 When triatomines "bite" to feed on a host, the biting itself does not inoculate the parasite. Transmission takes place by fecal contamination during or after feeding. To simplify the writ ing, we will refer to this transmission process as "biting". These trophic associations between triatomine vectors and opossums occur in their shelters, implying they are a pos sible focus of parasite transmission. In other trypanosomatids, such as African trypanosomes and leishmanias, the feeding behavior of infected vectors is modified by the par asite, thus increasing the frequency and duration of "bit ing,"15 leading to high prevalence in mammalian hosts as sociated with low infection rates of vectors. However, in the case of triatomines, the presence of T. cruzi does not affect the feeding behavior of infected insects. 16 Thus, an alterna tive explanation of the high opossum prevalence resulting from few infected vectors should be investigated at the level of probability of transmission from infected triatomines to opossums. In a laboratory device that simulated a natural opossum burrow, in which different opossums were inde pendently challenged for 23 hr with 10 infected T. infestans, 29% of the opossums became infected (40% among the opossums that ingested triatomines and 21% among the ones that did not ingest triatomines). Experimental opossum in fections in the laboratory resulted in prevalences similar to those observed in the field,14 suggesting that for adult D. albiventris, a few infective contacts with infected triatomines might be sufficient to produce infection. Males are found infected in nature less frequently than females, and very rarely become infected experimentally (Schweigmann N, un published data). Also, since females have a much longer longevity than males, they are the main reservoirs of T. cruzi in the wild. To evaluate the possible relevance of opossums in the transmission of T. cruzi to humans, we used only female data. In this report, we estimate the probability of T. cruzi infection of female opossums when exposed to infected Triatoma infestans.
MATERIAES AND METHODS

Sources of data.
We used the original data of the exper iment carried out by Schweigmann and others.14 Although details can be found therein, what follows is a basic sum mary of the methods used. Wild captured, noninfected D. albiventris were challenged for 23 hr with infected T. infes tans. The experiment consisted of 13 replicates, each with one female opossum and a random mixture of 10 third and fourth instar triatomines.14 The device used simulated a nat ural opossum burrow: a hardboard cage (50 X 50 X 45 cm) with one of the walls containing a removable wooden panel that acted as a shelter for triatomines, a fine wire net window for ventilation, and sand on the floor to absorb moisture. Opossums were starved for 1-2 days, and infected triatom ines were fasted for 20-30 days before the trials. After 23 hr, the number and nutritional status of the bugs were re corded; missing bugs were considered ingested by the opos sums. For a three-month period after the trials the opossums were tested every 30 days for positivity to T. cruzi by xe nodiagnosis.
Statistical analysis. The relevant experimental variables are identified as X: the number of bugs that have "bitten" the opossum, W: the number of bugs that have been eaten by the opossum, and Y: a variable that takes the value 1 if the opossum becomes infected, and 0 if it does not. If n trials are carried out, each with different opossums and bugs, the results of the observations in each cage (z) will be (x" w,-, y,), where 1 ' i ' zz: in our study n = 13. Let us call Pi the probability that a "bite" will infect an opossum. Let us call p2 the probability that a bug that has been eaten by an opossum will infect it, either because it had "bitten" the opossum previously or as a direct result of having been in gested. The parameters p, y p2 are unknown and will have to be estimated from the sample of n experiments.
Based on the assumption that the transmission of T. cruzi from the bugs to the opossums is independent, the proba bility function of Y conditional (X, W) for a given trial as a function of p, and p2 will be given by
which results from the fact that for the opossum to remain non-infected neither the "bites" nor the ingestions should produce infection. It then follows that
The joint likelihood function of the values y4, . . ., y" con ditional to Xi, . . ., x" and w¡, . . ., w", is given by
The maximum likelihood estimators p, and p2 as given in (3) are obtained by maximizing L(pi, p2). Another parameter is p3, defined as the probability that if a bug is ingested it will infect the opossum exclusively because of the ingestion itself. However, as from the experimental results the pro portion of the ingested bugs that had "bitten" the opossum before being ingested is not known, we cannot estimate p3 without resorting to supplementary hypotheses. That is, to estimate p3 we would need to know the probability p4, de fined as the probability that an ingested bug might had "bit ten" the opossum before being eaten. In that case we can estimate p3 as (for proof, see Appendix 1)
where the value of p, will be estimated using three hypoth eses: i) that /y = 0 (no bug had "bitten" before being in gested), ii) that />4 = 1 (all bugs had "bitten" before being ingested), and iii) that the probability that an ingested bug had "bitten" the opossum previously is the same as the probability of "biting" an opossum by non ingested bugs. If we resort to hypothesis iii we have to estimate simulta neously p^ p2, and p3 by maximum the likelihood of (x^yj, . . ., (xn,yn) conditionally to (wb . . ., wn). Then we have to maximize L'typ, p3, p4) defined by L*(Pi, p2, p3)
= Y] P(Y = yi, X = Xi\W = Wi, p^ p3, p4)
>=i
The derivation of L*(p>i, p3, p4) is given in Appendix 2.
We derive confidence intervals for p4, p2, and p3 based on the likelihood ratio statistics (LRS). For p3 the interval was derived assuming the hypothesis iii. For p, we calculated exact and approximate intervals. The exact interval requires computing the exact distribution of the LRS for all possible values of the parameters p¡, p2. This was done by Monte Carlo analysis. The approximate intervals were obtained us ing the asymptotic distribution of the LRS, which is y2 with one degree of freedom. For p2 and p3 we calculated only approximate intervals. Details on how these intervals are defined are given in Appendix 3.
It was also of interest to estimate the parameter p6, defined as the probability that, exposed for 23 hr to one infected triatomine, the opossum will become infected. We again have to assume that the "biting" of the triatomine on the opossum and the ingestion of the triatomine by the opossum are independent events. Also shown in Appendix 1 the value of p6 is determined by
where, p, and p3 are as defined before, p5 is the probability that, faced with a triatomine for 23 hr, the opossum will eat it and p4 is the probability that, faced with a triatomine for 23 hr, the opossum will be "bitten" by it (it was called p4 because under hypothesis iii it results in p4 = p4); both values were estimated from the average proportion of triatomines that were eaten by or had "bitten" on the opossums in the laboratory experiments, respectively. Estimation of the values of p4, p5, and p6 allow for a rough estimate of the potential number of infective encounters (contacts) between opossums and triatomines that should oc cur in the wild to produce an opossum prevalence similar to the one found in the field. In Appendix 4, proof is given that if a) waiting times between "bites" and ingestions follow an exponential distribution with parameters X, and \w, re spectively, and b) the average number of triatomines that an opossum will be faced with during its entire life is a random process described by the Poisson distribution with mean p.. then the average proportion of triatomines that "bite" and that are ingested in an encounter, is given by
where X, and X" are the average "biting" and ingestion times, respectively, and Te is the time an encounter lasts. If the probability that an opossum becomes infected during its entire life is estimated by the field opossum prevalence (p7), then Appendix 4 also demonstrates that the average number of encounters between an infected triatomine and an opos sum should be h = ln(l -p7) Ps (9) Table 1 summarizes the definitions and use of the different symbols. Table 2 shows the experimental results in terms of the variables X, W, and Y. A contingency test using the "biting" and predation frequencies of Table 2 showed that the "bit-* For definition of a "bite," see Materials and Methods. Probability that a "bite" will infect an opossum Pi
RESULTS
Probability that a bug that has been eaten by an opossum will infect it, either because it had "bitten" the opossum previously, or as a di rect result of having been ingested Pi
Probability that if a bug is ingested it will infect the opossum exclusively because of the inges tion itself Pt
Probability that an ingested bug might have "bitten" the opossum before being eaten Ps
Probability that, faced with a triatomine for 23 hr, the opossum will eat it Pf, Probability that, exposed for 23 hr to one infect ed triatomine, the opossum will become in fected ing" and predation processes are independent (x2i>0.05 = 0.304, p = 0.5814). The maximum likelihood estimators of /y and p2 derived from equation 3 are 0.060 and 0.112, re spectively. The estimation of p3 resulted in different values depending on the three hypotheses about />4; for hypothesis i, applying p., = 0 to equation 4 results in p3 = p2 = 0.112; for hypothesis ii, applying p., = 1 to equation 4 results in p3 = 0.055. Using hypothesis iii, the simultaneous estimation of p3, and />4 after application of equation 5 resulted in p, = 0.06, p3 = 0.075, and [p = 0.68.
For p, we calculated confidence intervals at the 0.95 level and obtained [0.023, 0.162] for the exact estimate, and [0.013, 0.156] for the approximate estimate. Despite the small sample size (n = 13) the two intervals are quite similar so the x2 approximation for the LRS distribution seems rea sonable. In view of this result we calculated only the ap proximate intervals for p2 and p3. The interval for p2 is [0.016, 0.288], The interval forp3, assuming that hypothesis iii holds, is [0, 0.265], The intervals are not symmetric with respect to the point estimates because the parameters have zero as the lower bound.
The experimental results showed that p5 = 0.254 (33 of 130 triatomines were eaten, see Table 2 ). The overall prob ability of transmission p6 was estimated applying this value of p5 to equation 7 and obtained 0.059. Thus, in about 6% of the cases an opossum challenged with one infected triatomine for 23 hr will become infected. We checked this re sult with the laboratory experiment by applying the binomial model of transmission to the situation where the number of encounters was 10, and expressed by 1 -(1 -0.059)10 = 0.455, which is quite consistent with the experimental value of 0.461 (6 of 13 opossums became infected; Table 2 ). The average "biting" and ingestion times, applying (A4-1) and (A4-2) of Appendix 4 to the laboratory results gave X, = 0.0474 and X" = 0.0122. The application of these two pa- rameters to equation 9 to estimate the number of triatomineopossum encounters necessary to produce an infection rate similar to the opossum prevalence in the field (0.35) gave p. = 7.95 for encounters lasting 20 hr. DISCUSSION The maximum likelihood estimator of p, shows a rela tively low value of 0.060, with a fairly wide range of pos sible values [0.023, 0.162]; this implies that six of 100 "bites" by an infected triatomine will result in the infection of an opossum. This estimate of p, is intermediate between the maximum likelihood estimator of p3 (transmission by predation) estimated by hypotheses ii and iii (that is, for p.t = 1 and />4 = 0.68, respectively). We believe that the hy pothesis of /y = 0 (that no bug had "bitten" before being ingested) is not very plausible for two reasons: a) the prob ability that a bug "bites" an opossum (among the group of non ingested bugs) is relatively high (0.68), and b) hosts normally become irritated because of the bite (Lopez W, un published data), increasing the bug's risk of being ingested. Thus, we believe that the real value of p., should he between 0.68 and one. In that case the value of p3 (the probability that if a bug is ingested it will infect the opossum exclusively because of the ingestion itself) would range between 0.055 and 0.075, which is very similar to the probability that a bite will infect an opossum (0.060).
Intuition would suggest a higher estimate for p3 than for p, because by ingestion there is an intimate contact with the mouth mucosa that would facilitate infection, while trans mission by "biting" is hindered by the mechanical barrier of a healthy skin and the density of the fur where the feces are usually deposited. However, there seems to be a com pensation in both processes: the transmission by "biting" may be augmented by the licking of the opossum on the "bitten" area, increasing the parasite's possibilities of enter ing in direct contact with the mouth mucosa and, on the other hand, if the bugs are wholly ingested (that is, not bro ken down by chewing) the possibility of an intimate contact between the parasite and the mouth mucosa is reduced and, due to the acid environment of the digestive track, and the possibility of transmission by ingestion would be decreased. Then it seems reasonable that the values of p¡ and p3 might be very close. This work provides the first estimates of the probability of transmission of T. cruzi to D. albiventris by the bite of an infected Triatoma infestans. Although our find ings provide an apparently "low" value to the probability of transmission by "biting" (px = 0.06), it is about 50 times larger than the one found for humans (0.0012) with the same triatomine species. 17 There is no estimation on the probability of transmission by "biting" for Triatoma guasayana, the main wild insect vector in northern Argentina. Assuming a) that the average "biting" rate and the rate at which they are ingested by opossums are similar between T. guasayana and T. infestans, b) that in both triatomine species the "waiting times" follow an exponential distribution, and c) that an opossum remains in its shelter an average of 20 h each day (Schweigmann V, unpublished data), and using the estimated values of p, (0.06) and /y (0.075), each opossum should be exposed to about eight potentially infective encounters to produce a global prevalence of 35%, as found in Santiago del Estero, Argentina. In this place D. albiventris lives an average of 170 days (Schweigmann V, unpublished data), and if we assume that 1% of the Triatoma guasayana are infected in the wild,9-10 solving for N in the binomial model of trans mission 1 -(1 -O.O59)00l v = 0.35 (where 0.059 = 1/170), we obtain N = 708. That is, each opossum should encounter an average of about 700 bugs during its life (around four bugs per day) to generate the 35% opossum prevalence found in the field. There is no indication that such a high rate of encounters in the field is plausible.
Due to the high prevalence of T. cruzi in wild opossum populations and its possible relevance in parasite transmis sion to humans, determination of the causal mechanisms in volved in opossum infections are essential for Chagas dis ease control and/or prevention. The extremely low probabil ity of transmission of T. cruzi from bugs to opossums re ported here (0.06) suggests three lines of future research as important in analyzing those mechanisms: 1) the determi nation the actual percentage of infected Triatoma guasayana in the wild, using recent techniques such as the polymerase chain reaction, 2) the assessment of the importance of the abundance and dumpiness of the distribution of Triatoma guasayana in wild biotopes used by opossums in the trans mission of T. cruzi, and 3) an evaluation of the rate of visits to houses by opossums as a potential infection source of T. cruzi from Triatoma infestans. Let us call p, the probability that a bite will infect an opos sum, p2 the probability that a bug that has been eaten by an opossum will infect it, either because it had bitten the opos sum previously, or as a direct result of having been ingested, p3 the probability that if a bug is ingested it will infect the opossum exclusively because of the ingestion itself, and p4 the probability that an ingested bug might had bitten the opossum before being ingested. Then from Equation 6 , it follows that
from where we can solve for p3.
p3=X-(1 (Al-4) (1 " BiBi)
1 " BiBi For the calculation of p6, let us call A3 the event that infec tion due to a bite occurs, A2 the event that infection due to predation of one triatomine occurs, and A the event that an infection of the opossum occurs. Then Under the hypothesis iii that the probability that an in gested bug had bitten the opossum previously is the same as the probability of "biting" an opossum in the event that the bug had not been ingested, we have to estimate simul taneously p3, p2, and p4 by maximum likelihood. The joint probability function of (F, X) conditional on W is given by P(X = x, Y = y\W = w, p3, p3, p4) = P(X = x, W = w, p4) X P(Y = y\W = w, X = X, Pl, p3, p4) (A2-1)
As the distribution of X given W is binomial with probability p4 and (k -w) trials, we have
On the other hand as P(Y = y|IF = w, X = x, plt p3, p4) is given by Equations 1 and 2, where p2 should be expressed in terms of p3, p3, and p4 solving from Equation 3, it results
We can now calculate the joint likelihood function of the values (xb y3), . . ., (x", y") conditional to W\ = w3, . . ., W" L(Pi,Pi,pJ = n P(Y = Z, X = x,.| W = w,, P1, p3, p4) (A2-4) >=i
Maximizing L*(p3, p3, p4) we can estimate simultaneously p3, p3 and p4.
Appendix 3
The confidence intervals of p3, p2 and p3 were obtained using the likelihood ratio statistic. If p, and p2 are the max imum likelihood estimators of p, and p2, respectively, that is, the values that maximize L(py, p2), and if p2(p) is the maximum likelihood estimators of p2 assuming p, = p, then the likelihood ratio statistic is given by
Let Za(pvp^) be the a quantile of R(p) conditional to W\ = wy . . = w", when the true probabilities are p, andp2, that is P(R(Pi) ' Za(jy, p2) |Wj = Xj, . . . ,X" = x", W3 = Wj, . . . , W" = w", p3, p2) = a (A3-2)
And let us define
An exact confidence interval of level (a -1) for p, is de fined by
An approximate confidence interval of level (a -1) for p, is defined by
For large n, Za(p3,p^) and Z*(p3) are approximately the a Quan tile of the x2 distribution with x^,i degrees of freedom. The exact confidence intervals are difficult to calculate for they re quire knowledge about the exact percentiles Z^^ip^ p2).
Appendix 4
We assume that the time between triatomines "bites" and the time between the ingestion of one triatomine and the next by an opossum are typical waiting times with no memory; that is, we accept that the probability of the next bite and of the next ingestion are independent of when each of those events has occurred previously. Then the waiting times be tween "biting" and ingestions are well described by an ex ponential distribution. The average "biting" time (XQ and the average ingestion time (Xw) were obtained solving the equations We also assume that the number of encounters between a triatomine and an opossum, during the entire life span of the latter, is a random process, that is, it follows a Poisson dis tribution with average p.. Let us call Z the number of en counters with a Poisson of mean pi; then P(Z = x) = (A4-5) z! If we define A as the event that an opossum becomes in fected during any period in its life, then by replacing (A4-5) and (A4-7) in (A4-6) we obtain (A4-8)
Then, the probability that an opossum becomes infected dur ing its life is P(A) (which we will call />7) and is given by In the case of an encounter lasting 20 hr, applying equations (A4-3) and (A4-4) we obtain p'4 = 0.612 and p5 = 0.217, which when inserted into equation (6) produces p6 = 0.054. If pas an estimate of the field prevalence is, say, 0.35, then pi = 7.95.
